Serum albumins are the major soluble protein constituents; they are also the most plentiful depot and transport proteins in blood plasma. 1 Many endogenous compounds exist in human bodies and drugs can bind to them to form stable complexes with certain particular structures, which implement the function of regulating proteins directly or indirectly. 2, 3 In addition, the effectiveness of drugs depends on their binding ability. It has been shown that the distribution, free concentration and the metabolism of various drugs may be strongly affected by drugprotein interaction in the blood stream. [4] [5] [6] [7] Therefore, study of the interactions between protein and drug molecules will help provide basic information on the pharmacological actions, biotransformation, bio-distribution, etc. of drugs.
Bovine serum albumin (BSA) has been one of the most extensively studied of this group of proteins, particularly because of its structural homology with human serum albumin (HSA), which is expensive. Clarithromycin (CAM) which belongs to the second generation erythromycin, has a broad spectrum of antimicrobial and antibacterial properties. Nowadays it is extensively used in clinical practice and therapy. The molecular structure of CAM is shown in Scheme 1. Surveying the literature revealed that the electrochemical behavior of CAM had been reported. 8, 9 A lot of methods have been employed to study the protein-drug interaction such as fluorescence, [10] [11] [12] [13] UV spectroscopy 14 and electrochemical methods. [15] [16] [17] Of these techniques, the electrochemical method has great advantages: it is rapid, has high throughput, and has low cost. However, to our knowledge, at present no information about the interactions between CAM and BSA has been reported, especially by studying the effect of BSA on three reduction waves of drugs.
In this paper, we present a methodology that can be successfully applied to interaction studies involving three reduction waves. We focus on the interaction between CAM and BSA using a linear-sweep voltammetry in both acid and physiological pH buffer solutions. Some binding reaction parameters, including the binding constants and the numbers of the binding sites are obtained. Furthermore, the binding reaction mechanism is discussed.
Experimental

Reagents
BSA was purchased from the Sinopharm Chemical Reagent Limited Company (Shanghai). All calculations reported for BSA were in terms of a molecular weight of 65000. A 1.0 ¥ 10 -4 mol L -1 stock solution of BSA was prepared by directly dissolving proteins in 0.1 mol L -1 NaCl solution; the prepared The interaction of clarithromycin (CAM) with bovine serum albumin (BSA) was investigated in pH 4.5 -8.0 phosphate buffer solutions in which three irreversible reduction waves P1, P2 and P3 of CAM appeared on linear-sweep voltammetry on a static dropping mercury working electrode. In the acidic media, with the addition of BSA into the CAM solution, a new electrochemically active complex was formed and there was interaction between the carbonyl group C=O in the C-9 position of CAM and BSA. It was found that electrostatic and hydrophobic forces played an important role in the binding reaction. However, new electrochemically non-active complexes were formed at physiological pH condition. The study showed that the formation constant and formation ratio of the interaction between CAM and BSA were 1.51 ¥ 10 12 and 3:1 for P2 wave, and 4.53 ¥ 10 5 and 1:1 for P3 wave, respectively. The ion strength enhanced the hydrophobic interaction between CAM and BSA. The operating solutions of BSA and CAM were prepared by dilution with phosphate buffer solution which was used to control the acidity of solutions. Deionized distilled water and analytical grade reagents were used throughout.
Apparatus
Linear-sweep voltammograms were recorded on a Model CHI660B electrochemistry workstation (CH Instruments, USA) coupled with a Model 303A static mercury drop electrode system (EG & PARC, USA), including a static dropping mercury working electrode (SDMWE), a platinum-wire auxiliary electrode, and a standard Ag/AgCl electrode.
Electrochemical measurements
Determination of CAM was carried out in the presence of BSA. One transfers appropriate amounts of CAM standard working solution and BSA solution into a 25-ml volumetric flask, and dilutes with phosphate buffer solution. About 10 ml of the obtained solutions were taken into the cell. A linear potential scan was performed at a scan rate of 0.3 V s -1 . The solutions were deoxygenated by bubbling nitrogen gas for at least 10 min prior to the measurements. All experiments were performed at room temperature.
Results and Discussion
CAM is reduced on the mercury electrode, yielding three waves between pH 4.5 and 8.0 phosphate buffer solutions. Only one reduction wave P1 was produced in the range of pH 4.5 -5.7, but in solutions of 6.0 < pH < 8.0, two reduction waves, P2 and P3, were obtained. The waves P1 and P2 were evoked by the group of C=O in the C-9 position of CAM 8 and the wave P3 was a catalytic hydrogen 9 wave of CAM, which corresponded to the nitrogen-containing group in the CAM molecule.
The interaction mechanisms were investigated by discussing the effects of BSA on the reduction peaks of three waves of CAM.
The interaction between CAM and BSA in acid media
In pH 4.5 KH2PO4-Na2HPO4 buffer solution, repetitive cyclic voltammograms of CAM are shown in Fig. 1 . The wave P1 was an irreversible and weak adsorption reduction wave. A electrode reaction mechanism is proposed in Scheme 2. Fig. 2 , it is obvious that the reduction peak current of wave P1 of CAM decreases with the positive movement of the peak potentials with the addition of BSA into the CAM solution. The appearance of a new peak implies that a new electrochemically active complex 18 is formed. This can be attributed to the interaction of CAM with the BSA. It is well known that a positive shift in potential indicates the intercalation of molecules into the DNA structure. The binding is considered to be principally due to hydrophobic interactions. 19 Because the wave P1 was evoked by the group of C=O in the C-9 position of CAM, there was interaction between the carbonyl group C=O and BSA. The results may mean that the molecule of CAM came into being at the tiny hydrophobic section where C=O in the C-9 position of CAM could insert into the BSA through hydrophobic interaction.
The effect of potential scan rate v on the peak current Ip of the wave P1 of CAM without and with BSA was studied by a linearsweep voltammetry (Fig. 3) . The dependence of , r = 0.999 for CAM-BAS system. However, the relationship between the Ip and the square root of the scan rate v 1/2 showed an upward-inclined curve for the both systems. This phenomenon illustrated that both CAM and CAM-BSA systems were controlled by adsorption.
The effect of potential scan rate v on the peak potential Ep of ; t = 20 s; scan number, 6. Scheme 2 The electrode reaction mechanism of wave P1. 
The interaction between CAM and BSA in physiological pH buffer solutions
In pH 7.4 KH2PO4-Na2HPO4 buffer solution, repetitive cyclic voltammograms of CAM are shown in Fig. 5 . Two reduction waves, P2 and P3, were obtained. The former was an irreversible reduction wave whose electrode reaction mechanism was similar to that of wave P1, and the latter was a catalytic hydrogen wave. The electrode reaction mechanism of wave P3 is shown in Scheme 3. 8 The effect of BSA on the reduction peak of the wave P2 of CAM As presented in Fig. 6 , linear-sweep voltammograms of CAM in the absence (curve a) and presence (curve b) of BSA were studied in pH 7.4 phosphate buffer solution. It was obvious that the reduction peak current of the wave P2 of CAM decreased without the positive movement of the peak potential and the appearance of new peaks with the addition of BSA into the CAM solution. It was difficult for CAM in the complex to interact with the surface of the Hg electrode and to be reduced at the Hg electrode. So this complex was electrochemically nonactive. 20 Furthermore, the formation of complexes resulted in shielding of the reduction group in CAM, so the reduction current of P2 wave of CAM was decreased. The results showed that BSA interacted with the carbonyl group C=O in the C-9 position of CAM. Only the interaction between CAM and BSA was investigated for the wave P2 in order to avoid the influence of the catalytic hydrogen 21 wave of BSA on the peak current of P3 in this condition.
The effects of potential scan rate v on the peak current of the wave P2 of CAM in the absence and presence of BSA were studied using the method mentioned above. The results illustrated that both CAM and CAM-BSA systems were controlled by adsorption. In addition, the effects of potential scan rate v on the peak potential indicated that the electrode process was a two electron reduction for both of the experiments in the absence and the presence of the BSA.
The stoichiometry of the BSA-mCAM complex was tested by linear-sweep voltammetry. According to the method, 14 it is assumed that the interaction of BSA with CAM forms only a single complex BSA-mCAM.
BSA + mCAM / BSA-mCAM (1) Fig. 3 Plot of the peak current vs. v and v 1/2 . The experimental condition are the same as in Fig. 2 . 
ANALYTICAL SCIENCES SEPTEMBER 2008, VOL. 24
The equilibrium constant b is
And the following equations can be deduced:
Here DI is the difference of the peak current obtained in the absence and presence of BSA, and DI approaches DImax when the concentration of CAM in excess of BSA.
In our experiments, the curve a in Fig. 7 typically represents the peak current Ip 2 of the wave P2 of CAM varying with concentrations of CAM in the absence of BSA. Curve b shows the relationship between the peak current Ip 2 ¢ and the concentration of CAM in the presence of BSA. Curve c is the relationship between DIp 2 , which is Ip 2 -Ip 2 ¢ and the concentration of CAM.
There is a satisfactory linear relationship between log[DI/ (DImax -DI)] and log[CAM] with the slope of m = 2.64 -3 ( Fig. 8) , which means that CAM binding to BSA forms a 3:1 complex of BSA-3CAM. From the intercept of Eq. (3), the equilibrium constant b can be calculated to be 1.51 ¥ 10 12 .
The effect of BSA on the reduction peak of the wave P3 of CAM As shown in Fig. 9 , linear-sweep voltammograms of CAM were recorded in the absence (curve a) and presence (curve b) of BSA, whose concentration was low, no catalytic hydrogen 21 wave of BSA appeared were recorded. After the addition of BSA into the CAM solution, the reduction peak current of the P3 wave of CAM increases obviously, but the reduction peak potential does not change and no new peaks are found in the same scan potential range. The results showed that there was interaction between the nitrogen-containing group in CAM molecule and BSA. At the same time, a new electrochemically non-active complex was formed.
In our experiments, there is a satisfactory linear relationship between log[DI/(DImax - . In order to demonstrate further that binding ratio of AC with BSA, were assumed that the BSA-CAM, BSA-2CAM, and BSA-3CAM complexes could be formed because of the interaction between the CAM and BSA. It is obvious in Fig. 10 that the plot of 1/DI versus 1/[CAM] gives a straight line when m is equal to 1. The obtained result is in accordance with that from Eq. (3). The reason why the formation ratio is 1:1 for wave P3 may be relevant to the saturation of N atom which has formed three bonds.
The influence of ion strength on CAM-BSA system
According to the previous studies, 22 the interaction forces between drug and protein may involve hydrophobic forces, electrostatic interactions, van der Waals interactions, hydrogen bonds, etc. In the acidic buffer solution the pH is 4.5, which is lower than the isoelectric point of BSA (pI = 4.8), the lysine, arginine and other amino acid residues on the BSA molecular chains are thus in the positively charged form. However, the O atom of the C=O in C-9 position of CAM is negatively charged, so that it would be easy to bind together by electrostatic attraction to form a super-molecular complex. In order to elucidate the interaction of CAM with BSA, we explored the types of interaction force.
The influence of ion strength on CAM-BSA complex in the phosphate buffer solution is shown in Fig. 11 . It can be seen that the change in the concentration of NaCl has much effect on the DIp, the difference between the peak current of CAM in the absence and presence of BSA. It is observed from Fig. 11 that the DIp of P1 wave decreases when the concentration of NaCl is larger than 2 ¥ 10 -2 mol L -1 in acidic media (curve c). Because electrostatic association was favored at low ionic strength, 23 the results suggested that the electrostatic forces played an important role in interactions between CAM and BSA in this condition. For P2 and P3 waves, however, the DIp increases with the increase of concentration of NaCl in the physiological pH solution. Due to the salt effect, the structure of BSA was destroyed which led to the partial exposure of the hydrophobic group of BSA. The results here indicated that the ion strength enhanced the hydrophobic interaction between CAM and BSA. In addition, it is well known that BSA has a negative charge in pH 7.4 phosphate buffer solution, thus the interaction force between BSA and the C=O in C-9 position of CAM may not be the electrostatic force in the physiological pH solution.
Conclusions
As shown by the electrochemical studies described above, there were interactions between CAM and BSA both in acidic media and physiological pH buffer solutions. In acidic media, with the addition of BSA into the CAM solution, a new electrochemically active complex was formed. Scan rate experiments indicated that the electrode reactions were controlled by adsorption and that the two electrochemical systems, CAM and CAM-BSA, were irreversible. The results showed that both electrostatic and hydrophobic forces existed between CAM and BSA. In pH 7.4 phosphate buffer solution, however, after the addition of BSA, new electrochemically non-active complexes were formed. BSA also interacted with the nitrogen-containing group in CAM molecules besides binding to the carbonyl group C=O in the C-9 position. The formation constant and formation ratio of the interaction between CAM and BSA were 1.51 ¥ 10 12 and 3:1 for P2 wave and 4.53 ¥ 10 5 and 1:1 for P3 wave, respectively. The ion strength enhanced the hydrophobic interaction of CAM with BSA. It was found that several factors, such as pH of media, the concentration of solution and ion strength could affect the interaction process. 
